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ABSTRACT
The dwarf satellites of ‘giant’ Milky Way (MW)-mass galaxies are our primary probes of low-mass dark
matter halos. The number and velocities of the satellite galaxies of the MW and M31 initially puzzled
galaxy formation theorists, but are now reproduced well by many models. Yet, are the MW’s and
M31’s satellites representative? Were galaxy formation models ‘overfit’? These questions motivate
deep searches for satellite galaxies outside the Local Group. We present a deep survey of the ‘classical’
satellites (M?>4×105M) of the MW-mass galaxy M94 out to 150 kpc projected distance. We find
only two satellites, each with M?∼106M, compared with 6–12 such satellites in the four other MW-
mass systems with comparable data (MW, M31, M81, M101). Using a ‘standard’ prescription for
occupying dark matter halos (taken from the fully hydrodynamical EAGLE simulation) with galaxies,
we find that such a sparse satellite population occurs in < 0.2% of MW-mass systems — a < 1%
probability among a sample of five (known systems + M94). In order to produce an M94-like system
more frequently we make satellite galaxy formation much more stochastic than is currently predicted
by dramatically increasing the slope and scatter of the stellar mass–halo mass (SMHM) relation.
Surprisingly, the SMHM relation must be altered even for halos masses up to 1011M — significantly
above the mass scales predicted to have increased scatter from current hydrodynamical models. The
sparse satellite population of this ‘lonely giant’ thus advocates for an important modification to ideas
of how the satellites around MW-mass galaxies form.
1. INTRODUCTION
While the Λ-Cold Dark Matter (ΛCDM)
paradigm successfully explains the large-scale properties
of the Universe, many of its predictions on small scales
appear to be in tension with the number and properties
of dwarf galaxies (see the review by Bullock & Boylan-
Kolchin 2017). While the Milky Way (MW) hosts ∼10
‘classical’ dwarf satellite galaxies with velocity scales of
&10 km s−1 (see McConnachie 2012), dramatically more
DM halos were predicted to exist at those scales — the
‘Missing Satellites Problem’ (MSP; Klypin et al. 1999;
Moore et al. 1999). Later work appeared to sharpen
the problem by suggesting that the velocities of the few
satellites the MW does have are substantially lower than
the velocity scales of the most massive predicted dark
matter (DM) halos — the ‘Too Big to Fail’ problem
(TBTF; Boylan-Kolchin et al. 2011).
While it is possible that these observations may
signal the need for an important modification to ΛCDM,
it is widely accepted that improved galaxy formation
physics is the likely resolution to these problems. Feed-
back from supernovae is predicted to dramatically sup-
press the number of stars in even relatively massive
DM halos (Mh ∼ 1010M) (Maccio` et al. 2010; Font
et al. 2011). Furthermore, supernovae-driven outflows
can drag DM to larger radii and could reduce the cen-
tral velocities of these halos to observed values (Brooks
et al. 2013; Wetzel et al. 2016). Recently, it has been
suggested that tidal disruption of satellites and their
subhalos around massive galaxies like the Milky Way
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reduces the number of predicted satellites further (e.g.,
Garrison-Kimmel et al. 2017b). These models, along
with more a more complete census of MW satellites from
surveys such as SDSS and DES, have been so successful
that it has been argued ‘there is no missing satellites
problem’ (Kim et al. 2017).
Nearly all of our understanding of the small-scale
challenges to ΛCDM has been based on observations of
satellites in the Local Group (LG), prompting important
questions:
1. Are the LG’s satellites representative?
2. Are galaxy formation models in turn representa-
tive, or have they instead been over-tailored to fit
the LG’s satellites?
These questions motivate a deep census of the
satellites of ‘giant’ MW-mass galaxies and low-mass field
dwarf galaxies. A variety of approaches are being taken:
deep spectroscopic surveys (e.g., Spencer et al. 2014;
Geha et al. 2017), field H i observations (Papastergis
et al. 2015; Yaryura et al. 2016), large-area integrated
light surveys around nearby galaxies (e.g., Chiboucas
et al. 2009; Mu¨ller et al. 2015; Danieli et al. 2017), and
narrower and deeper surveys which allow satellites to
be resolved into stars (e.g., Toloba et al. 2016; Car-
lin et al. 2016; Crnojevic´ et al. 2016; Smercina et al.
2017). Discovering and confirming a complete sample of
even ‘classical’ satellites around nearby galaxies requires
a formidable combination of depth and area. Such a
sample exists for only four MW-like systems: the MW
and M31 (McConnachie 2012), M81 (Karachentsev &
Kudrya 2014), and M101 (Danieli et al. 2017).
In this paper we present the discovery of two
low-mass satellites of the nearby MW-mass galaxy M94
(NGC 4736; M? ' 4×1010M, Karachentsev et al. 2013;
D = 4.2 Mpc, Radburn-Smith et al. 2011), detected in a
deep Hyper Suprime-Cam (HSC) survey with an effec-
tive radius of 150 kpc. Rather than discovering the ∼10
‘classical’ satellites which were expected by scaling the
other MW-mass systems, we discovered only two, both
with stellar masses only . 106M — a satellite popu-
lation completely unlike any other known galaxy. We
further show that, more than being unexpected, M94’s
satellite population cannot be explained using ‘standard’
galaxy formation models — directly advocating for sig-
nificant modifications to the physics of low-mass halo
occupation.
2. OBSERVATIONS
Our HSC survey, carried out through the NOAO
Gemini–Subaru exchange program (PI: Smercina,
NOAO 2017A-0312), consists of six HSC pointings in
g-band (for satellite discovery), three in i, and two in
r (for stellar halo characterization). The deepest two
fields were observed for ∼7200s per filter in gri. The
remaining four fields were observed for 1200s per filter.
The average seeing FWHM in g-band is ∼0.′′8 for all
fields. The g-band survey footprint is symmetric around
M94 and has an area equal to a 150 kpc radius circular
region, giving an ‘effective’ radius of 150 kpc (see Fig.
1).
The data were reduced as described in Smercina
et al. (2017), using the updated HSC pipeline (Bosch
et al. 2018). Data were calibrated using the Pan-
STARRS1 survey (Magnier et al. 2013), but all mag-
nitudes are in the SDSS photometric system and have
been corrected for foreground Galactic extinction using
the updated Schlafly & Finkbeiner (2011) corrections.
The satellite-focused part of the survey consists
of six fields with moderately deep to very deep g-band
data. These six fields were visually inspected for low
surface brightness (SB) candidate dwarf galaxies with
resolved or semi-resolved stars with luminosities and
half-light radii similar to Local Group satellites following
Chiboucas et al. (2009) — only two were found. One of
these dwarfs, M94-Dw1, was detected as a dwarf galaxy
candidate (dw1255+40) in the integrated light survey
of Mu¨ller et al. (2017). The locations and properties of
these dwarfs are given in Figure 1 and Table 1.
2.1. Completeness
In order to understand our satellite detection
completeness limits we conducted ∼500 individual ar-
tificial galaxy tests in the g-band data. Satellites were
inserted with a range of projected distances to M94 of
15 < D/kpc < 150. Tests were done by eye on isolated
images to eliminate subconscious cross-referencing with
known areas in the field, and with multiple authors to
produce independently verifiable results. Dwarf galaxies
were simulated by sampling random stars from a 12 Gyr
isochrone and injecting them into the survey images.
These artificial galaxies were created from single stel-
lar populations and thus resemble quiescent satellites in
the LG. The positions of stars were drawn randomly
from independent Gaussian profiles in X and Y, with
randomly-generated galaxy centers, elliptical half-light
radii ranging from 0.1–1 kpc, and corresponding ellip-
ticities  6 0.9. Position angles were also chosen at
random, ranging from 0°–360°. Additionally, in a given
test there was a 30% chance of not injecting an artificial
galaxy.
Most effort was spent sampling galaxies with lu-
minosities −9.1 > MV > −10.3, spanning the range of
the two candidates — constituting 300 tests. We con-
ducted an additional 140 tests in the luminosity range
−10.3 > MV > −12.3. As further explained in § 4,
we account for up to 1 Mpc uncertainty in line-of-sight
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Figure 1. Right panel: A ∼5×5 ° SDSS image centered on M94 (magenta circle). The colored circles show the six-pointing
HSC survey footprint, while the red circle shows a circle of the same area with 150 kpc ‘effective’ radius. Blue denotes pointings
observed in g-band, green in r-band, and red in i-band. The two deep pointings are labeled. The positions of Dw1 and Dw2 are
shown as yellow stars. Bottom panel: Deep r-band image of Dw1, accompanied by a CMD of detected stars in the dwarf. Red
points represent RGB stars and blue points represent candidate core Helium-burning stars. The dashed line and gray region
show the best-fit TRGB with uncertainty, while the green curve is the best-fit isochrone at that distance. Top panel: Imaging
and CMD for Dw2, following the same schema as for Dw1. Left panel: Deep image of M94, taken from Trujillo et al. (2009).
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Figure 2. Results of our artificial satellite tests. Top left: Size–luminosity relation for all satellites of the Local Group in
McConnachie (2012). Lines of constant SB are shown at 24 (blue), 26 (orange), 28 (green), 30 (red) M ′′−2. The red
patch denotes the approximate region probed by our artificial satellite tests. Bottom left: Recovery completeness map for
injected artificial satellites in size–luminosity space. The red circles are LG satellites. The cyan stars represent Dw1 and Dw2.
Right panel : Completeness as a function of SB for artificial satellites. The red line shows our 85% detection completeness
for LG satellites in the range −9.1 > MV > −10.3. Right: Selected examples of detected artificial dwarfs in three different
luminosity/SB regimes.
(LOS) distance between satellites and the central galaxy
(M94 in this case). LOS distance variance only signifi-
cantly affects the luminosity of satellites at the distance
of M94 when it exceeds 0.4 Mpc (∼0.2 mag). From sim-
ulations (see § 4), the distribution of satellite LOS dis-
tances from MW-mass galaxies is well-fit by a Lorentzian
distribution — the large-distance wings stemming from
the two-point correlation function of galaxies. We esti-
mate that ∼10% of apparent satellites around MW-mass
galaxies likely have ∆ d = ±0.4–1 Mpc. To explore this
effect on our test results, 30 additional tests were con-
ducted, focused on satellites in the −9.1 > MV > −10.3
luminosity range (∼10% of our original 300 tests in
that luminosity range), and placed at varying distances,
drawn from a Lorentzian distribution with ∆ d = ±0.4–
1 Mpc.
Figure 2 shows the results of our tests, with
three example artificial satellites. Overall completeness
was high, with >70% of all injected satellites recov-
ered. The rate of false detection was very low (2%)
and only occurred in the very lowest-surface brightness
(µV . 28 M ′′−2) cases. Completeness is a relatively
smooth function of SB (middle panel), with ∼80% com-
pleteness corresponding to a SB of µV = 27 M ′′−2.
Overall completeness is ∼10% higher on average in the
two deeper fields, but otherwise there is little depen-
dence on field location, even when binning by SB. The
lower left panel shows the completeness binned as a func-
tion of luminosity and half-light radius, along with the
LG satellites with luminosities approximately within our
5test range. Applied to the properties of LG satellites, we
estimate an average completeness of 85% in the range
−9.1 > MV > −10.3. Our satellite tests in the range
−10.3 > MV > −12.3 yield a very high 97% average
completeness, and is ∼100% when applied to LG satel-
lites. The effect of LOS distance variance was negligible,
following our 30 additional tests. Average completeness
remained the same, likely owing to the competing effects
of lower completeness at farther LOS distances and pro-
portionally higher completeness at closer distances.
Scaling from the mass-to-light ratios of LG satel-
lites (McConnachie 2012), our 85% completeness limit
of MV = −9.1 corresponds to M?∼4×105M. Conse-
quently, M94, a MW-mass galaxy, very likely hosts only
two satellite galaxies with projected radii < 150 kpc and
M? & 4×105M — a satellite population unlike any
other known galaxy of its kind.
Table 1. Dwarf Parameters
Parameter M94-Dw1a M94-Dw2
α (J2000) 12h55m02.s49 12h51m04.s4
δ (J2000) 40◦35′21.′′9 41◦38′09.′′9
DTRGB 4.1± 0.2 Mpc 4.7+0.2−0.4 Mpc
MV
b −10.1± 0.1 −9.7−0.1+0.2
rh 618,± 90 pc 316± 40 pc
µV,eff
c 27.4 M ′′−1 26.4 M ′′−1
M?
d 9.7×105M 6.7×105M
[Fe/H]e −2.1± 0.1 −2.1± 0.1
Note—a Also dw1255+40 in Mu¨ller et al. (2017).
b Profile fitting, assuming DTRGB.
c Effective
V -band surface brightness within the half-light
radius. d Comparing to dwarf irregulars of simi-
lar luminosity in the Local Group (McConnachie
2012). e Metallicity of best-fit isochrone, assum-
ing [α/Fe] = 0.25.
3. SATELLITE PROPERTIES
The two dwarfs were detected in the two fields
with gri imaging, allowing for analysis of their stellar
populations. In Figure 1 we show the r-band images
and color–magnitude diagrams (CMDs) of the dwarfs.
Aperture photometry using successive elliptical aper-
tures was used to construct brightness profiles and a
total flux for each dwarf. The profiles were also used
to determine half-light radii. g and r-band magnitudes
were converted to V -band using the SDSS ‘Lupton 2005’
photometric transformation1.
1 http://www.sdss.org/dr12/algorithms/sdssubvritransform
Distances for the dwarfs were determined from
the tip of the red giant branch (TRGB), estimated us-
ing a maximum-likelihood analysis following Appendix
C of Monachesi et al. (2016) and Smercina et al.
(2017). We determined r-band completeness using arti-
ficial stars for the highly crowded regions of M94-Dw2.
Dw1 and Dw2 are 4.1±0.2 Mpc and 4.7+0.2−0.4 Mpc away,
both reasonably consistent with M94 group membership
(DM94∼4.2 Mpc). We thus estimate absolute V -band
magnitudes of −10.1 and −9.7, with 0.1–0.2 mag uncer-
tainties dominated by the TRGB distance. Projected
distances from M94 are 69 kpc for Dw1 and 38 kpc for
Dw2.
Both Dw1 and Dw2 have stars bluer than the
RGB with colors typical of young main sequence and
intermediate-age core helium-burning stars (Radburn-
Smith et al. 2011), indicating ongoing star formation.
Furthermore, both dwarfs have irregular morphologies
characteristic of star-forming galaxies at similar magni-
tudes (Carrillo et al. 2017). While isolated dwarf galax-
ies are invariably star-forming (Geha et al. 2012), the
vast majority of LG satellites are quiescent (Slater &
Bell 2014) — assumed to be due to ram-pressure strip-
ping during infall (e.g., Emerick et al. 2016; Simpson
et al. 2017). Consequently, the star formation in M94’s
two satellites, with projected distances< 100 kpc, is puz-
zling. If these galaxies are shown to be significantly fur-
ther from M94, it would make their star formation eas-
ier to understand, but would mean that M94 hosts even
fewer satellites within its virial radius. Alternatively,
this may indicate that M94 lacks the hot gas required
to strip gas from satellites (Slater & Bell 2014).
Given Dw1 and Dw2’s V -band luminosities and a
stellar M/LV∼1 for similar star-forming dwarf galaxies
in the LG (following McConnachie 2012), we estimate
stellar masses of 9.7×105M and 6.7×105M.
Metallicities were determined by fitting PARSEC
isochrone models (Bressan et al. 2012) to the g − r col-
ors and r-band magnitudes, with a fixed 12 Gyr age
and metallicities in the range Z = 0.0001–0.001. The
best-fit isochrones, placed at the respective TRGB dis-
tances for each dwarf, each have metallicity Z = 0.0002,
corresponding to an iron abundance of [Fe/H] = −2.1,
assuming an [α/Fe] = 0.25. This is consistent with
the RGB-derived metallicities of similarly-massive star-
forming dwarf galaxies in the LG (e.g., Sagittarius dIrr;
McConnachie 2012).
4. IMPLICATIONS FOR GALAXY FORMATION
As discussed in § 1, the satellite populations of
only four other MW-mass galaxies are known down to
< 106M with good completeness: the MW, M31, M81,
and M101 — all central galaxies in low-density environ-
ments. Among these four, the average number of satel-
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Figure 3. Left: The SMHM relation for DM halos in EAGLE using ‘standard’ halo occupation. The dashed red curve is
taken from Behroozi et al. (2013). A standard 0.2 dex log-normal scatter is assumed for Mh,peak > 5 ×109M. Below this
mass, increased mass-dependent scatter and a steeper slope are adopted following Munshi et al. (2017). Gray points denote
galaxies which are likely unobservable in our survey of M94. Right: A radically altered SMHM relation, reflecting the stochastic
halo occupation implied by M94’s sparse satellite population. Increased, mass-dependent scatter is adopted for all halos with
Mh,peak < 10
11M. A significantly steeper slope is also assumed for halos with Mh,peak < 3×1010M, along with a fixed 10%
rate of galaxy failure for Mh,peak < 10
10M.
lites with M? > 4×105M, within a projected 150 kpc
radius from the central, is 9±3. Projected distances for
MW and M31 satellites were determined using the de-
rived physical LG coordinates of Pawlowski et al. (2013),
and simulating 10,000 random LOS’s from external ref-
erence positions. All four galaxies also host at least one
satellite with M? > 10
9M. Placed in context with
these systems, the satellite population of M94, a MW-
mass central galaxy in a low-density environment, is
completely unexpected — possessing only two ‘classical’
satellites, with a most massive satellite of only ∼106M.
However, was such a system predictable in simulations?
While a thorough theoretical analysis is beyond
the scope of this paper, we explore the implications of
our results for galaxy formation models using a simple
halo occupation approach. For such an exercise, we re-
quire a simulation which a) provides a large diversity
of accretion histories for MW-mass halos, b) resolves
dark matter subhalos capable of hosting the satellites
we are interested in (Mh,peak > 10
9M), and c) can ac-
curately account for subhalo disruption due to the po-
tential of the central disk (e.g., Garrison-Kimmel et al.
2017b). The current generation of large-volume cosmo-
logical hydrodynamical simulations best meet these cri-
teria. Here we use the dark matter subhalos of the large-
volume, (∼100 Mpc3) fully hydrodynamical version of
the EAGLE simulation (Schaye et al. 2015). We con-
firm the robustness of EAGLE’s subhalo catalogs at low
masses by comparing the average subahlo mass function
to a higher-resolution simulation (∼ 25 Mpc3) also made
available by the EAGLE collaboration, finding that they
converge for Mh,peak > 10
9M. This is more than suf-
ficient for our purposes, as most current models predict
that cosmic reionization and stellar feedback should pro-
duce mostly ‘dark’ halos below Mh,peak < 10
9M (e.g.,
Sawala et al. 2015; Ocvirk et al. 2016; Munshi et al.
2017). We choose not to directly use the stellar masses
and properties of satellites from EAGLE (see e.g., Shao
et al. 2018) in this analysis, primarily because we need
to explore the impact of varying prescriptions about how
satellite galaxies populate dark matter halos.
We assign galaxies to dark matter halos and sub-
halos using their ‘peak’ (or infall) mass (denoted as
Mh,peak). Our halo occupation model, which applies
equally for both central and satellite galaxies, follows
the commonly-adopted Behroozi et al. (2013) SMHM
relation, with a fixed 0.2 dex log-normal scatter, down
to Mh,peak> 5×109M. The SMHM relation at low
masses is very uncertain and an extrapolation of the
Behroozi et al. (2013) SMHM relation over-predicts the
number of dwarf satellites of the Milky Way (e.g., Doo-
ley et al. 2017). Consequently, we adopt a somewhat
steeper slope with increased mass-dependent scatter for
Mh,peak < 5×109M, following Munshi et al. (2017).
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Figure 4. Satellite stellar mass functions and statistics for M94 and other nearby galaxies and EAGLE halos, assuming two halo
occupation models. Left: Satellite mass functions for nearby galaxies: M94 (orange), the MW (blue), M31 (red), M81 (green),
and M101 (purple). Also shown are the median (black line) and 50% (dark gray), 90% (gray), and 99% (light gray) confidence
intervals for simulated satellite mass functions for MW-mass galaxies in EAGLE (completeness-corrected for M∗ < 106 M),
assuming the ‘standard’ halo occupation described in Figure 3. ‘Standard’ halo occupation produces M94-like systems < 1% of
the time. Top panel : Normalized histogram of the most massive satellite formed around each central EAGLE. Known galaxies
are shown by vertical lines. Right panel : Normalized histogram of the total number of M? > 4 ×105M satellites for each
central in EAGLE. Known galaxies are shown by horizontal lines. Right: Same as the left panel, but assuming stochastic
halo occupation. The shape of the mass function and subsequent distribution of the total number of satellites has changed
dramatically, producing M94-like systems >4% of the time.
Figure 3 (left panel) shows the adopted relationship be-
tween halo/subhalo mass and galaxy stellar mass for
EAGLE dark matter halos.
Next, we define ‘MW-mass galaxies’ to be central
halos with 6×1011M 6 Mh,peak 6 3×1012M, which
host a galaxy with model-derived stellar mass of M? > 4
×1010M — a sample of 1,500 galaxies. As these halos
are centrals, they automatically exclude halos in dense
environments (cluster members or other satellites), but
otherwise span a range of large-scale environments. In
turn, we define ‘satellites’ within a range of projected
radii 15 kpc<Dproj <150 kpc from each EAGLE MW-
mass central, and within 1 Mpc in LOS (Z) distance —
a realistic observational constraint for satellites around
nearby galaxies.
Figure 4 (left panel) shows the resulting satellite
mass function for MW-mass galaxies in EAGLE, against
known satellite mass functions within 150 kpc projected
distance from the central. The simulated satellite mass
functions have been completeness-corrected to match
our results for M94 (see § 2.1) — 85% for 4×105 M <
M∗ < 1.2×106 M (−9.1 > MV > −10.3). The ‘stan-
dard’ halo occupation model typically produces more
satellites than all nearby MW-mass systems, in partic-
ular producing a MW-mass galaxy with 6 2 satellites
< 0.2% of the time. Treating each of the five known
galaxies as an independent binomial trial, a < 0.2% suc-
cess rate should yield one success with a < 1% proba-
bility. Moreover, there is not a single simulated galaxy
whose most massive satellite has M?6 106M. Interest-
ingly, in our ‘standard’ model, the typical galaxy with
a satellite population similar to M94 has approximately
the mass of the Large Magellanic Cloud.
To further explore this unexpected result, we also
adopt a schematic altered SMHM relation (see Figure
3; right panel), with increased mass-dependent scatter
starting at a halo mass of 1011M, and a significantly
steeper slope (∼3) for halos < 3×1010M, along with a
10% probability of not forming a galaxy at all (a 10%
‘failure rate’; e.g., Sawala et al. 2015) below 1010M.
Figure 4 (right panel) shows that this ‘stochastic’ halo
occupation model reproduces more accurately the typi-
cal number of satellites of a MW-mass galaxy, and gives
a significantly higher likelihood of producing an M94-like
system: >4% of MW-mass galaxies host 6 2 satellites —
a >16% chance for five galaxies. Additionally, several
systems are produced which host a most massive satel-
lite with M? . 106M, though the probability is still
< 1%.
While this ‘stochastic’ model is primarily used
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for illustrative purposes, it nonetheless strongly resem-
bles the model used by Garrison-Kimmel et al. (2017a)
to help alleviate the TBTF problem. A broader range
in the observed satellite populations around MW-mass
hosts in surveys like SAGA (Geha et al. 2017), and even
in nearby systems excluding M94 (e.g., M101/MW vs.
M81), seems to provide tentative support for this ap-
proach. The adopted slope in our stochastic model is
quite similar to that of Moster et al. (2013) extrapolated
to lower halo masses (Dooley et al. 2017). However, we
find that adopting such a slope without dramatically in-
creasing the scatter up to high masses cannot adequately
reproduce M94’s lack of a M? & 107M satellite.
To summarize, M94 directly challenges the ‘stan-
dard’ halo occupation model. While our exploration is
far from exhaustive, we find that the sparse and low-
mass satellite system of M94 may indicate that galaxy
formation within DM halos is much more stochastic than
predicted, even for halos as massive as ∼1011M — far
above the TBTF mass scale predicted to signal an in-
crease in stochasticity by most current hydrodynami-
cal models (e.g., Munshi et al. 2017; Fitts et al. 2017;
Garrison-Kimmel et al. 2018).
5. CONCLUSIONS
We have presented the discovery of two low-
mass satellites of the MW-mass galaxy M94 in a deep,
150 kpc-radius Subaru HSC survey. Both satellites have
MV ∼−10 and M?. 106M. Both also appear to be
actively star-forming, despite projected distances from
M94 of < 100 kpc.
We have conducted artificial galaxy tests and
have found that our ‘classical’ dwarf (MV &−9.1;
M?& 4×105M) detection completeness is 85% within
our survey footprint up to ∼106M and is >99% at
higher masses — M94 very likely hosts only two ‘clas-
sical’ satellites between projected radii of 15 kpc and
150 kpc.
Furthermore, we have found that most currently
accepted SMHM relations and ‘standard’ method of
DM halo occupation cannot produce a satellite popula-
tion like M94’s with sufficient likelihood — . 0.2% of
MW-mass central galaxies painted onto EAGLE dark
matter halos host 6 2 ‘classical’ satellites within 150 kpc
in projection, and none host a most massive satellite
with M? 6 106M. Furthermore, ‘standard’ halo
occupation reproduces the overall satellite population
of MW-mass galaxies poorly. In order to substantially
increase the probability of forming an M94-like system
and improve the fit to the overall population, we have
presented a model which increases the scatter in the
SMHM relation above 0.2 dex for halos as massive as
1011M, culminating in >1 dex of scatter for 109M
halos. We also increased the power-law slope of the
SMHM relation to ∼3 for halos < 3×1010M and as-
sume that some fraction of <1010M halos fail to form
visible galaxies. Consequently, M94 — a ‘lonely giant’
which appears to only host two low-mass satellites and
is completely devoid of massive companions — may
advocate for an important modification to current ideas
of how the satellites around MW-mass galaxies form.
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